Dental plaque is an adherent material consisting primarily of bacteria, their extracellular polymers, and adsorbed salivary components. Though basic descriptions of a portion of the normal oral flora are available, reviews of the recent literature (4, 6, 14) reveal that little is known about the interactions among these bateria or between the host and bacteria. The in vitro bacterial interactions so far described include (i) cross-feeding (20) (bacteria of one species providing an essential nutrient for another species), (ii) adherence (3) (one species providing a surface on which another species may adhere), and (iii) inhibition (7, 11) (cells of one species producing a bacteriocin or another substance inhibitory to one or more other species).
Several studies have attempted to identify interactions among various oral species in mixed culture (12, 15, 16) . They have been limited, however, by the use of liquid cultures (15) or by employing nichrome wires as the substrate offered for colonization (12, 16) . The former method does not simulate the state of the microbes in the oral cavity, where they exist as tightly packed microcolonies (9, 13) . The latter method is handicapped in that prolonged incubation times are necessary and often only semiquantitative data may be obtained. In addition, the surface properties of a nichrome wire do not closely resemble those of hydroxyapatite (HT). Use of an intact tooth (10) , although more realistic, makes quantitative data very difficult to collect.
In this paper I describe an experimentally convenient system for cultivating mixed oral flora on a HT surface. Batch cultures are employed in preliminary studies which show that selected common inhabitants of human dental plaque are present in the cultured flora and that the composition of the flora can be varied by alterations in cultural conditions. One of the primary advantages of the system, that the organisms grow as microcolonies on a solid surface, is illustrated by scanning electron micrographs. Finally, procedures for cultivating colonized beads in a continuous-flow apparatus are described.
MATERIALS AND METHODS
Reagents and media. HT beads were prepared according to the method of Sudo et al. (22) . Lysine diphosphate was supplied by General Mills, Inc. The medium used for culturing organisms on HT beads was Trypticase soy broth (TSB) from Baltimore Biological Laboratories. In some experiments, the medium was supplemented with separately autoclaved glucose (0.2% final concentration) or sucrose (0.2% final concentration) or with filter-sterilized hemin (1.5 mg/liter) and menadione (0.5 mg/liter) as noted. Prereduced supplemented blood agar was used as the nonselective medium for measuring colonyforming units (CFU), which may represent viable single cells or clumps of cells remaining after dispersion of the sample. This medium contained Trypticase soy agar (TSA) supplemented with yeast extract (0.5%) and Casitone (0.5%). After the mixture was autoclaved in a rubber-stoppered Erlenmeyer flask, it was cooled under a stream of N2 gas, and menadione, hemin, cysteine (0.05%), and hemolyzed sheep blood (5%) were added. Rubber stoppers were reinserted and the medium was passed into an anaerobic chamber (1) and poured into petri dishes. The medium was prepared 24 h before use. If the sample was to be harvested under aerobic conditions, cysteine was not added to the medium and the gas curtain was not used. Media selective for Veillonella (18) , Fusobacterium (17) , streptococci (MS agar from Baltimore Biological Laboratories), and Lactobacillus (commercial medium from Difco) were pre-pared either prereduced or aerobically, depending on the conditions for harvesting the cells.
Batch culture. Whole saliva, stimulated by chewing squares of Parafilm (Marathon Corp.), was collected from three to five individuals and then pooled and thoroughly mixed with a magnetic stirrer. The saliva was added to one or more sterile Erlenmeyer flasks containing autoclaved HT beads. A ratio of 125 ml of saliva per g of HT beads was used, the absolute amounts varying with the experiment. For quantities of HT beads exceeding 0.5 g, Fernbach flasks were employed to maximize the area on the bottom of the flask. Care was taken to be sure the beads were evenly distributed over the greatest area possible. Flasks were gassed for 2 min with a mixture of N2-CO2 (90:10) and then closed with rubber stoppers and incubated for 2 h at 37°C. Prereduced medium, usually 400 to 500 ml/g of HT beads, was added, the gassing was repeated, and the flask was incubated in a stationary position at 37°C. Prereduced medium was used only in the initial incubation to allow the microbes that require a low oxidation-reduction potential (E,) for adequate growth to establish themselves. After overnight incubation, the culture fluid was decanted and the beads were washed three to four times with medium. Fresh medium, not prereduced, was added; the culture was gassed and the incubation was continued. The washing and replacement of medium was repeated one to two times daily for the desired period.
Column cultures. HT beads were colonized with mixed flora as described above. After 36 to 48 h of cultivation, the washed beads were transferred to the sterile glass column shown in Fig. 1 . The column consisted of a Pyrex glass tube (10 by 50 mm) with ground-glass ends. The ends fit into female top and bottom pieces, each of which contained a fritted glass disk. If the quantity of beads was insufficient to reach the upper fritted glass disk, a plug of sterile glass wool was tightly packed on top of the column bed. This was necessary to minimize the size of gas bubbles that formed among the beads during fermentation of substrates. Medium flowed from the reservoir (A) through rubber tubing (B) and a 1-ml syringe packed wih cotton (C) into a peristaltic pump (D), and then through another cotton-packed syringe (E) and rubber tubing (F) to the column. At least one cotton plug was necessary to prevent contamination of the reservoir from the column. All components from the reservoir to the top of the column were replaced at least once every 48 h. On occasion, the glass wool plug was also replaced. The column was designed so that the ends could be replaced with minimal disturbance of the bed if clogging occurred. The flow rate was maintained at 7.5 ml/h for the first 24 h, and then increased to 11 ml/h. Starving the population by stopping the flow of medium for 12 h daily kept the column from becoming completely overgrown and clogging.
Harvesting and analysis of cultures. For harvesting batch cultures, the flask was passed into an anaerobic chamber and the culture fluid was decanted. The colonized beads were washed three times in prereduced Tricine buffer (pH 7.0) containing 0.01 M lactate. A portion of the beads was transferred to a small test tube and washed again with the same buffer. Samples of about 11 mg (wet weight) were removed with a sterile stainless-steel scoop and placed into 5 ml of ice-cold Tricine buffer in a glass homogenizer. Samples were dispersed with 20 downstrokes, each with a 360°turn at the bottom of the homogenizer. Alternatively, samples were dispersed using two 15-s treatments at 43W using the microtip probe of a sonifier (Branson Plates with MS agar were exposed to air at room temperature after 24 h of incubation. When the cultures were harvested aerobically, the procedure was the same, except that it was performed on the benchtop. In these cases, blood plates and media selective for Fusobacterium and Veillonella were incubated anaerobically using GasPaks (BBL), whereas jars containing MS plates and media selective for Lactobacillus was flushed three times with N2-CO.,. The colonies on the plates were counted after 48 to 96 h of incubation. For veillonella and fusobacterial selective media, 50 to 100 colonies per sample were selected randomly and Gram stained. The total viable count from each selective medium was corrected to represent the proportion of the population having the correct Gram stain morphology for that particular selective medium. Five-milliliter samples of the culture fluid or 1-ml samples of the column eluent were analyzed by the same method used for colonized beads.
Scanning electron micrographs Colonized beads cultured for 4 days in TSB were washed five times in fresh TSB, and then fixed and prepared for scanning electron microscopy (2) .
RESULTS
Characteristcs of mixed flora colonizing HT beads. Initial experiments were designed to show that the flora colonizing the HT beads consisted of oral microbes. The HT beads were maintained in batch culture for 3 to 4 days in TSB, and the medium was changed daily. Samples were harvested aerobically. Total recoverable microbes and several species of oral bacteria cultivable on selective media were measured. In each case (see, for example, column 1 of Table 2 ), streptococci were major components of the population, whereas Veillonella and fusobacteria were less numerous. Lactobacilli were rare, but consistently detectable (Table 1, controls). The quantitative relationship among these species depended on the methods of cultivation and harvest employed (see below).
A sample of pooled saliva used to inoculate the beads was dispersed aerobically using a glass homogenizer and plated as described above. Total recoverable CFU was 5.0 x 107mMl. The counts obtained on the selective media were: MS agar, 2.1 x 107/ml; veillonella, 1.2 x 107/ml; fusobacteria, 4.0 x 101/ml; and lactobacilli, 4 .1 x 10:/ml. Over 40% of the cultured streptococci had a colonial morphology on MS agar characteristic of Streptococcus salivarius. This species occurred only rarely (<0.01% of the population) on colonized HT beads cultivated for more than 48 h. Comparison with the population distribution of colonized beads harvested similarly ( Table 2 , column 2) suggests that selective growth and/or sorption had occurred.
The culture medium employed affected the microbial population recovered. To test the influence of added carbohydrate, a sample of saliva was split into four equal parts and used to inoculate four identical samples of beads. Two flasks received TSB alone, whereas the others received TSB plus 0.2% glucose or sucrose. After (Table 1) led to a large increase in the proportion of streptococci and veillonellae and a decrease in fusobacteria and lactobacilli. The number of recoverable microbes on blood agar was less than the sum ofthe numbers recovered from veillonella and streptococcus selective media. One possibility is that an inhibitory substance or microbe was present in the presumably nonselective medium.
Inclusion of cofactors will influence the resultant population. In an experiment to determine the effects of added hemin and menadione, a pooled sample of saliva was split into two equal parts and used to inoculate identical samples of HT beads. After 3 days of cultivation in either TSB or TSB supplemented with hemin and menadione, cultures were harvested anaerobically. Figure 2A and B illustrates that inclusion of hemin and menadione in the medium caused an increase in the number of organisms in nearly all groups measured.
Effects of conditions of harvest. Leadbetter and Holt (Int. Assoc. Dent. Res. Abstr. no. 208, 1974) have reported that dispersion of plaque by sonication destroys a large proportion of gramnegative rods. Since multiple samples of colonized beads may be obtained, the system offered an opportunity for direct comparison of sonication and homogenization as dispersion methods. The HT beads were maintained in batch culture for four days in TSB, and the medium was changed four times in that period. The culture fluid analyzed had been added to the beads 16 h before the experiment was termi- nated. All samples were harvested aerobically. Sonication dispersed the bacterial masses better than did homogenization ( Table 2 , columns 1 and 2), resulting in an apparent fivefold increase in recoverable CFU for the bead samples. Though this method increased the apparent number of sonication-resistant organisms such as streptococci, it severely reduced the number of gram-negative rods, as indicated by the decreased numbers of fusobacteria compared with the homogenized sample.
In contrast to the flora on the beads, the population shedding into the culture fluid (Table 2 columns 3 and 4) consisted of single cells and small clumps of bacteria before dispersion. Consequently, the measured levels of sonication-resistant organisms were more similar than for highly aggregated samples. Because of differential rates of growth and/or shedding of daughter cells, the composition of the population in the culture fluid after 16 h of growth is not identical to that recovered from colonized beads.
The viable CFU in the preceding experiment represented less than 30% of the microscope count. Since part of the reason for the discrepancy may have been loss of oxygen-sensitive anaerobes during harvest, the effect of harvesting anaerobically was accessed. Colonized beads that had been cultured for 3 days (four changes of medium) in TSB were placed in an anaerobic chamber, and duplicate samples of the washed beads were harvested. The remainder of the culture was removed from the chamber and the process was repeated on the benchtop. Figure 2B and C show that the recovery of all classes of microbes, especially fusiforms, was increased by anaerobic harvest.
Reproducibility of sampling. If a single batch culture is systematically mixed, then multiple samples larger than a certain minimum size (not yet determined) should be identical. In the experiments illustrated in Fig. 2 , duplicate samples were harvested and analyzed. As shown by the error bars, in most cases the values obtained were reasonably close. More sophisticated methods for harvest, dispersion, and analysis of the population would probably reduce the range of values observed here.
Some experimental protocols may require that colonized beads be cultured in separate flasks throughout the incubation (e.g., comparing the effects of two media). The following experiment was designed to establish the experimental error inherent in such a procedure. Table 1 shows that though the absolute number of recoverable CFU in the two control flasks varied by 40%, the distribution of the population among the various groups was very similar. Most likely, the difference in absolute values results from variation in the distribution of the beads on the bottom of the flasks.
Scanning electron microscopy. Another important characteristic of the system is that the organisms grow as numerous, closely packed APPL. ENVIRON. MICROBIOL.
microcolonies. This point is illustrated by the scanning electron micrographs of colonized beads cultured in TSB. Figure 3A shows a HT bead with both heavily and sparsely colonized areas. Figures 3B to D are higher magnifications of heavily and sparsely colonized areas. In the latter photos, the microcolonial structure and intermicrobial adherence are apparent.
Column cultures. Although the batch cultures indicated that plaque flora did indeed colonize HT beads, I believed that many experiments designed to monitor the behavior of mixed populations were better done in a system employing a flow of medium over stationary colonized beads. Accordingly, the apparatus illustrated in Fig. 1 was prepared. As an example of its use, I monitored the effect of including 500 ,ug of lysine diphosphate per ml of medium in the column reservoir. One gram of HT beads was inoculated with 100 ml of pooled saliva and cultivated for 48 h in TSB as for batch cultures. Duplicate samples of the culture fluid after the final overnight incubation were analyzed. The colonized beads were washed and split into two equal parts and placed in sterile columns. The reservoir of the test column contained TSB plus lysine diphosphate; the control contained TSB alone. The flow rates of both columns were kept identical. After 24 and 48 h, samples of the column eluant were analyzed (anaerobic harvest). To compare the composition of the population on the beads with that shedding into the medium, the beads were harvested anaerobically after 51 h. Table 3 shows the variation obtained when duplicate samples of culture fluid (columns 1 and 2) were analyzed. This medium was collected after overnight incubation of a batch culture and is not directly comparable to a column eluant, which contains only recently shed daughter cells. These samples were taken to assess the reproducibility of the sampling method for culture fluids. After 24 h (about 75 ml of medium had flowed through the column), a significant difference between column effluents was observable. S. salivarius, not a common inhabitant of dental plaque, was disappearing from the control column but increasing in numbers in the test column. Fusobacteria were less numerous than in the control (Table 3) , while a large gram-negative rod was increasing in number (Table 4) . These changes were more obvious by 48 h (Tables 3 and 4) when nearly 200 ml had passed through the columns. The data presented in these tables minimize the actual difference. Microscopic observation showed that the absolute number of microbes eluting from the test column declined significantly after 24 h, nearly all bacteria in the eluant existing as single cells. In contrast, the population eluting from the control column became progressively more dense: large clumps were eluted. Samples were dispersed by homogenization to preserve a variety of cell types. When samples contain large clumps of bacteria, this method grossly underestimates the total number of bacteria (as shown in Table 2 ). DISCUSSION The results show that the HT beads are selectively colonized by a portion of the salivary flora and that the microbial community that develops from the initial colonizers contains microbes that are common inhabitants of human dental plaque. Furthermore, the system allows the organisms to grow as closely associated microcolonies. Manipulation of the microbial composition of the population by altering cultural conditions appears practical. The cul- tures can be maintained in flasks, with repeated transfer to fresh medium or in a glass column, employing continuous or interrupted flow of medium over the bed of colonized beads.
The reported microbial composition of dental plaque varies widely (5, 8, 17) . There are a large number of sources for this variation, including the age of the plaque sample (17), variation among individual subjects (5), variation in the distribution of bacteria on the tooth (8), and different methods used for harvesting, dispersing, and cultivating the plaque microbes.
The preliminary survey of selected species presented here suggests that the microbial composition of the flora colonizing the HT beads is well within the range reported in the literature. When TSB alone was used as the culture medium (Tables 1 and 2 ), streptococci were numerous (at least initially), veillonellae were easily detectable, and very low numbers of lactobacilli were found. If gentle dispersion methods and anaerobic harvest were used, substantial numbers of fusobacteria were detected. S. salivarius, though very numerous in the salivary sample used for inoculation, was eliminated from the population as the medium was replaced. Under the conditions described, contamination of the population by nonindigenous plaque microbes was not a problem.
The use of prereduced medium in the initial incubation was designed to preserve those organisms whose growth is enhanced by or requires low E,,. Unlike the situation in the oral cavity, where a reservoir of such organisms is continuously available, oxygen-sensitive microbes had only one opportunity to colonize the beads in the procedure employed. I assumed that, after the initial incubation, the bacterial growth would be several cell layers thick in some locations. Subsequently, nonprereduced medium could be used, since a portion of the oxygensensitive microbes located in the deepers layers would be protected by less sensitive species in the superficial layers. This may indeed be the case, since the resultant flora contained microbes that were sensitive to oxygen, at least during the harvesting procedure (Fig. 2) .
The model system was able to detect alterations in the flora resulting from varying the medium used for cultivation ( Table 2 , Fig. 2 ). This suggests that with appropriate manipulation of the experimental conditions (inoculum, media, etc.) it may be possible to culture mixed flora of a specific microbial composition. Another important point derived from Fig. 2 concerns the reliability of the sampling procedure. A sample taken from colonized beads cultivated in the same flask is representative of the whole. The basis for this conclusion is that the range between duplicate measurements of the same sample was usually quite small (error bars in Fig. 2 ). Since the methods used to monitor the population were rather crude, I believe that most of this error was introduced during harvesting and plating the samples. The shortcomings of selective media are well known (19) . They were employed in these preliminary studies as a matter of convenience, and the numbers obtained by their use are only an approximation of the actual population. In contrast to the small range in measurements for samples taken from a single flask, duplicate samples cultivated in separate flasks yielded a larger range in absolute numbers ( Table 2 , compare control no. 1 with control no. 2). In spite of differences in absolute numbers up to 40%, the composition of these populations were very similar. That is, though one flask contained more microbes per sample, the same kinds of microbes constituted the population in both samples when the flasks were cultivated identically. Most likely, the variation was produced by differences in exposure of the colonized beads to the growth medium when the beads were redistributed on the bottom of the flask. Variation between flasks cultivated differently ( Bacteria in dental plaque grow as tightly packed microcolonies (9, 13) . By growing oral bacteria on HT beads as opposed to liquid culture, this type of relationship is maintained (Fig. 3) . Small samples (0.5 g) of colonized beads in batch culture provide an opportunity for only short-range ecological niches to be evolved, because the sample is thoroughly mixed during changes of the media. Most likely, there is a gradation in E,, within the microbial layer on a single bead. In contrast to batch cultures, obvious gradients in environmental conditions are produced in the columns. For example, after 48 h of cultivation of a column containing 0.5 g of colonized beads, the upper portion of the column contained heavier growth than the lower portion. At the flow rate used, the microbes gaining access to the medium first reduced the level of one or more nutrients and slowed the growth of bacteria distal to the reservoir. The magnitude of this effect will vary with the flow rate employed and with the age of the culture. Another variation may be a gradient E,,. both between deeper and superficial layers of bacteria on a single bead and between different levels of a column. The fact that on one occasion, microscopically detectable levels of spirochetes, which require a low E,, for growth (20) , were shedding from a 4-day-old column indicates that low E,, can be obtained in portions of the column. The medium employed was not prereduced, so the microbes themselves probably produced this state.
The relationship between the population shed into the medium and that residing on the beads is very dependent on cultural conditions. The primary variable is, of course, the population on the beads. Since the population changes as cultivation continues, this factor varies with time. In addition, organisms with faster growth rates in the medium employed will usually shed faster. In batch culture, this leads to a rapid accumulation of these cells in the culture fluid; slower-growing cells become more numerous only at later times. In column cultures, slower-growing organisms cannot accumulate since the medium flows continually over the column. In this case, flow rate is an important variable. As the flow rate increases, the growth rate of a given organism will also increase and there will be a greater number of these microbes in the eluant (assuming the majority of daughter cells elute rather than reattach). However, each organism will have a maximal growth rate and, when the flow rate exceeds a certain value, the concentration of that organism in the eluant will decline. That is, the system is similar to a classical chemostat (21) except that complete washout cannot occur if the parent cells continue to adhere to the HT beads.
The microscopically observable shifts in the population brought about by inclusion of lysine diphosphate in the reservoir were only minimally reflected by the cultural data (Tables 3  and 4) . As mentioned before, shortcomings in the dispersion and subsequent analysis are responsible for the inconsistency. The data make it apparent, however, that the development of the populations in the two columns was different. I have not made a detailed study of the evolution of the microbial community in these columns, though it is clear that a progressive shift in the population occurs (Table 3 and 4 and unpublished data). For example, fusobacteria become progressively more numerous in the eluant from the control column and on the beads (data not shown) as the incubation progresses.
This system should prove a useful tool for studying microbial interactions among the bacteria of dental plaque. It has great potential for modification, both in terms of the inocula used to colonize the beads and in terms of the design of the flow system. It has been demonstrated that the beads can be colonized by axenic cultures (22) and by highly heterogeneous flora.
Designing conditions for two-or three-membered mixed cultures should also prove possible. Use 
